Scattering-type scanning near-field optical microscopy (s-SNOM) provides few nanometer optical spatial resolution and is compatible with nearly any form of linear and nonlinear optical spectroscopy. We have developed a versatile s-SNOM instrument operating under cryogenic and variable temperature (∼20-500 K) and compatible with high magnetic fields (up to 7 T). The instrument features independent tip and sample scanning and free-space light delivery with an integrated off-axis parabolic mirror for tip-illumination and signal collection with a numerical aperture of N.A. = 0.45. The optics operate from the UV to THz range allowing for continuous wave, broadband, and ultrafast s-SNOM spectroscopy, including different variants of tip-enhanced spectroscopy. We discuss the instrument design, implementation, and demonstrate its performance with mid-infrared Drude response s-SNOM probing of the domain formation associated with the metal-insulator transitions of VO 2 (T MIT 340 K) and V 2 O 3 (T MIT 150 K). This instrument enables the study of mesoscopic order and domains of competing quantum phases in correlated electron materials over a wide range of controlled electric and magnetic fields, strain, current, and temperature.
I. INTRODUCTION
Strong electron correlations in transition metal oxides and related materials can lead to unusually rich phase diagrams with distinct crystallographic, electronic, and magnetic phases, often with frustration and degenerate ground states. In many cases the strong electron, spin, and lattice interactions result in phase competition and coexistence of multiple phases near the phase boundaries.
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The origins of these spatial phase inhomogeneities, especially in nominally homogeneous pure single crystals, has been an intensely debated issue in condensed matter physics.
1- 6 The problem is difficult to track theoretically, as the role of domains in defining macroscopic material properties is often unclear. In addition, despite some notable exceptions, most experimental evidence of spatial phase inhomogeneity is indirect due to a lack of versatile imaging techniques with the necessary spatial resolution, that are applicable in situ, ideally under variable magnetic and electric fields, and that are simultaneously sensitive to the different relevant order parameters. 7, 8 Evidence of local phase separation and domain formation on mesoscopic length scales is often indirect from bulk measurements of electronic transport, 9 , 10 X-ray and neutron diffraction, 11, 12 and angle-resolved photo-emission spectroscopy. 13 Here, macroscopic quantities, which are expected to exhibit a discontinuous change at the phase transition temperature are instead found to be broadened due to the formation of an inhomogeneous phase distribution of a priori unknown texture and domain sizes. In an effort to gain information about the underlying domain structure and its spatial evolution during phase transitions of correlated electron materials, scanning tunneling microscopy, [14] [15] [16] [17] [18] [19] electron microscopy techniques, [20] [21] [22] [23] [24] photoelectron emission microscopy (PEEM), 25 magnetic force microscopy, [26] [27] [28] [29] piezoresponse force microscopy, 30 conductive atomic force microscopy (AFM), 6, 31 and others have been applied with great success. Although powerful, these techniques often cannot image multiple order parameters simultaneously. Moreover, these techniques are generally not compatible with large external magnetic or electric fields.
Optical techniques could overcome these limitations. With relevant energy scales defined by electronic and lattice excitations, optical imaging and spectroscopy at meV to eV energies provide direct contrast between, and simultaneous insight into the structural changes of the material which are characteristic of the different phases. In addition, optical spectroscopy is compatible with a wide range of internal and external stimuli including strain, electric fields, and magnetic fields. While the spatial resolution is in general diffraction limited in the far-field, by combining optical spectroscopy with scanning probe microscopy we can achieve nanoscale optical resolution in the near-field, through as scattering-type scanning near-field optical microscopy (s-SNOM).
The imaging contrast is provided by the optical field localization at the nanoscale tip apex and its optical antenna properties. The tip (generally 5-20 nm radius of curvature) acts as a local scattering source for the enhanced evanescent optical fields localized between the AFM tip and the sample surface. The scattered light from the tip-apex region then contains spectroscopic information about the sample from a region confined laterally by the dimensions of the tip apex radius.
The s-SNOM signal reflects the near-surface bulk properties of a sample to a depth on the order of several nm, as given by the spatial extent of evanescent field of the tip apex. The signal is thus largely insensitive to surface electronic states and surface contaminants.
s-SNOM can be applied over a wide wavelength range, from the UV up to the THz regime. The signal is generated by a scattering mechanism which relies solely on free space excitation and detection and is therefore intrinsically broadband and compatible with ultrafast laser spectroscopy. This is in contrast to fiber based near-field scanning optical microscopy (NSOM) 32, 33 which is limited in spatial resolution, sensitivity, and usable wavelength range, by aperture transmission, waveguide cut-off, and fiber material.
s-SNOM, as a purely optical technique, is compatible with variable and cryogenic temperatures, as well as large magnetic and electric fields. The local optical near-field interaction in s-SNOM can couple directly to electronic and vibrational resonances, spin order, lattice symmetry, and therefore provides contrast due to many mechanisms including the metallic infrared Drude response, nanoscale impedance, infrared and Raman vibrational response, or nonlinear optical interactions.
With the appropriate choice and combination of those techniques, multiple order parameters can be probed simultaneously in real space. These unique nanoscale spectroscopic capabilities make s-SNOM a versatile tool for the spectroscopic imaging of as yet poorly understood material systems, such as correlated electron systems.
Currently, investigations of correlated electron materials using s-SNOM have been carried out at or above room temperature, 34, 35 and only a limited number of specialized low temperature s-SNOM systems have been developed. [36] [37] [38] [39] All currently reported designs have either small numerical apertures, operate in transmission mode, are not capable of operating under large magnetic fields, or are not generally compatible with a broad range of optical techniques including ultrafast laser pulses. [36] [37] [38] [39] Although many low temperature NSOM designs exist, [40] [41] [42] [43] [44] [45] [46] [47] [48] the requirements for a lowtemperature s-SNOM system are quite different.
In this paper, we report on the development of a versatile s-SNOM system, operating at temperatures from 500 K down below 20 K, over a broad spectral range from the UV to mid-infrared, and compatibility with a superconducting multiTesla magnet.
II. INSTRUMENT DESIGN
The design of our cryogenic s-SNOM instrument requires a set of primary considerations critical for reaching the desired optical, thermal, and magnetic field specifications. The overall geometry of the setup is determined by the need for broadband illumination, large solid angle for tip-scattered light collection, compatibility with low temperatures, and large magnetic fields. This leads to several trade-offs, e.g., a compact design is desired to fit into the bore of a superconducting magnet which restricts the optical access with large numerical aperture for most efficient apex illumination and near-field scattering collection.
Given the restricted space inside the magnet bore, the incident and outgoing beams are chosen to be parallel or collinear. Furthermore, the incident beam enters the apparatus from the bottom, such that the optical axis is parallel to the magnetic flux lines and instrument axis (Fig. 1 ). This illumination scheme requires only a single-solenoid magnet, while simultaneously yielding a short and interferometrically stable beam delivery. This design also allows to maintain the conventional upright AFM orientation.
An off-axis parabolic mirror is positioned at the side of the sample stage with its focus at the tip location. The numerical aperture is maximized within the limits set by the sample plane, tip axis, scan range, magnet geometry, and beam size. Independent tip and sample positioning is desirable for an optimal optical alignment procedure as discussed in Sec. II B. Cooling is performed by a modified Janis ST500 cryostat. It features an exchangeable 25 mm diameter bottom window, e.g., BaF 2 (ISP-Optics, BF-W-38-5) used for the experiments demonstrated here, and suitable for experiments from the UV to mid-IR. The cryostat was chosen to meet the temperature requirements. All materials inside the chamber are chosen to be high-vacuum compatible. With a turbo-molecular pump (Pfeiffer HiCube Eco pump station) a pressure <10 −5 mbar is reached at room temperature. 49 The AFM allows for a variety of imaging modes, including conductive, magnetic force, contact and non-contact atomic force microscopy.
A. AFM
A titanium housing for the components ensures a nonmagnetic, rigid mounting with low vibration transmission. The translation stages are also made of titanium, and provide minimal absolute and relative thermal expansion. The slender design of the positioners and scanners with outer dimension of ∼24 mm × 24 mm leaves enough space for the free space optical beam delivery and provides for a good fit into a typical 75 mm diameter superconducting magnet bore.
The vibration spectrum was analyzed with both an external accelerometer and a built-in AFM noise analyzer. Results indicated minimal vibrations levels, with mechanical amplitudes 1 nm (root-mean-square).
B. Optics
Free space beam delivery of the incident and scattered beams is necessary for s-SNOM in order to allow for a wide spectral range (UV-THz), and large spectral bandwidth, also desired for short pulse excitations. This rules out fiber delivery due to dispersion and transmission constraints.
For broadband light and ultrashort laser pulse illumination, reflective optics are superior to refractive optics since the absence of material dispersion eliminates any chromatic or other aberration for confocal applications. Parabolic mirrors are preferable to Cassegrain objectives, as they are more compact and have shorter focal lengths. However, parallelism of the incident light beam with respect to the optical axis of the off-axis parabolic mirror is crucial to avoid coma in the focus. 50, 51 Based on an empirical function fitted to simulated data, 51 we estimate that a tilt of δ from the parabolic mirror axis would reduce the peak intensity to 1.26 × e −290δ/λ for δ between 0.02
. Even a tilt of 0.03 • would already strongly deform the focus, and although the FWHM of the center peak only increases by a few percent, the peak intensity is reduced by a factor of two, e.g., for 10 µm wavelength light.
A customized off-axis parabolic mirror (Nu-Tek Precision Optical Corporation) with a focal length of 11.25 mm and a numerical aperture of 0.45 is used. The surface roughness is specified to be 7 nm RMS and the form accuracy is specified to be below 0.625 µm. The mirror is mounted on a piezodriven 2-axis goniometer (Attocube ANGt50/ANGp50) with a tilting resolution of 10 −4 degree. With the aid of a flat face precision machined on the mirror, the mirror axis is aligned to the incident visible alignment laser beam. 52 Fine tuning of the laser focus is achieved by imaging the tip onto a CCD camera and optimizing the tip apex scattering to be as small and symmetric as possible. Different laser sources can then readily be coupled into the system by aligning them co-linearly with the alignment laser.
C. Cryostat and vacuum system
A number of factors are taken into account for optimal sample cooling. A thermal link made of a stack of 20 laser welded gold plated Oxygen-free high thermal conductivity (OFHC) copper foils (Attocube Systems AG, ATC100), with thermal conductivity of 10 mW/K is used to couple the sample to the cryostat.
To minimize the heat conduction from the translation stage to the sample holder, a teflon thermal isolation plate sandwiched by two layers of aluminized mylar foil is placed underneath the sample holder. The multiple interfaces between sample holder and the translation stage reduce the heat conductance to be below 1 mW/K. 53 To minimize heating effects through heat conduction via the wires of the heater and the temperature sensor, these cables were coiled around the cryostat and pre-cooled. Finally, to keep laser heating of the sample at a minimum, the incident laser power should be kept below 10 mW, which is a typical power level for s-SNOM.
The heat conduction via the gas with pressure below 0.1 Pa is estimated fromq gas = 0.5kpA T , where k is an empirical coefficient of 1.2 for air, p the pressure (Pa), A the sample holder surface area (m 2 ), and T the temperature difference between sample and the room temperature chamber wall (K). 53 For our conditionsq gas can be estimated to be ∼0.7 mW, and is therefore negligible.
A significant heat load arises from radiant heat flow from the surrounding chamber walls at 300 K to the sample holder at, e.g., 80 K when cooled with liquid nitrogen. We can estimate the heat transfer using the black-body radiation expressionq rad = σ EA(T 4 Env − T 4 Samp ), to be ∼130 mW, with σ the Stefan-Boltzmann constant, E a factor related to the emissivities of the surfaces (taken as 0.5), A the sample holder surface area (m 2 ), and T Env and T Samp the environment and sample temperature, respectively. A thin copper radiation shield was built around the AFM and linked to the cryostat to reduce the thermal radiation. With the radiation shield at ≈100 K the radiation power is reduced to <1 mW for N 2 (l) cooling.
Based on the above analysis, we estimate a 30 mW cooling power necessary for maintaining the sample at 80 K. The sample temperature is controlled with a resistive heater and a temperature controller (Cryocon 32B), with a maximum power of 5 W, and stability within ± 0.1 K.
D. Magnet
In the design, a multi-filamentary niobium-titanium superconducting magnet (Janis 6.5 T-74) was used as a representative model. This superconducting magnet can produce a 6.5 T vertical field, with a moderate inhomogeneity of ±0.5% over a 1 cm sphere. Within a typical AFM scan area of 10 µm × 10 µm, the inhomogeneity is below 10 −3 %. The vertical center bore has a diameter of 74 mm. All the piezo motors, including goniometers, coarse positioners, and scanners, are made of titanium and have demonstrated functionality under 7 T magnetic fields (specified up to 31 T).
III. CHARACTERIZATION/RESULTS AND DISCUSSION

A. Near-field contrast of gold on silicon reference sample
To test the general system performance we perform elastic IR s-SNOM with contrast resulting from the metallic Drude response. Light from a CO 2 laser (p-polarized, I = 5 mW, λ = 10.6 µm) is focused onto a commercial Pt-Ir coated AFM tip (Nanosensors, Arrow NCPt). The optical signal is detected in the back scattered direction by a liquid nitrogen cooled HgCdTe detector (Judson, J15D14-M204-S250U-30) with a high bandwidth transimpedance preamplifier (Femto, HVA-S).
The AFM operates in dynamic force mode, with a controlled tip oscillation amplitude of about 20 nm, and frequency ≈ 250 kHz. The near-field contribution is selected by lock-in demodulation at harmonics of the tip oscillation frequency ( , 2 , and 3 ). The optical response during approach gives a clear indication of the near-field optical contrast. 54 Approach curves over the flat gold section in Figure 2(a) show a strong nonlinear distance dependence, confirming the near-field signal origin.
Interferometric signal amplification and detection conveniently provides both near-field amplitude and phase by modulating the phase of the reference field E ref at a frequency ω ref ( Fig. 1(a) ). 55 The signal at the detector contains a near-field component E NF , far-field background from the tip shaft and sample surface E bg , and the reference field show an s-SNOM scan demodulated at 2 sideband across the edge of a Au film evaporated onto a silicon surface. The simultaneously acquired topographic and s-SNOM images demonstrate the optical dielectric contrast between gold and silicon in the optical amplitude. The signal variation directly along the SiAu edge is a topographic artifact. 57 No obvious phase contrast is expected and the small variation of φ ∼ 10
• observed (Fig. 2(d) ) is due to residual far-field interference. 
B. Image of phase transition of VO 2 and V 2 O 3
To demonstrate the ability to probe phase transitions above and below room temperature, micrometer-sized vanadium dioxide (VO 2 ) single crystals on a silicon substrate were imaged. VO 2 undergoes a first-order metal-insulator transition (MIT) from a low-temperature monoclinic insulating phase to a high-temperature rutile (R) metallic phase at T MIT = 340 K. These substrate bounded single crystals form domains during the MIT due to external substrate-induced stress. 34 Figure 3 shows the s-SNOM image with corresponding topography. The crystal remains insulating at 340 K (Fig. 3(b) ) and becomes metallic at 355 K (Fig. 3(d) ) with contrast due to the increase in optical conductivity of the metallic phase. s-SNOM line scan over a VO 2 crystal (Fig. 3(e) ) shows optical contrast of metallic domains, with no topographic variation. V 2 O 3 is a paramagnetic metal at room temperature with a MIT around 150 K, accompanied by a structural change from rhombohedral to monoclinic symmetry. 58 It undergoes magnetic ordering from a paramagnetic metal to an antiferromagnetic insulator. 59 The MIT can be tuned by pressure or doping which modifies the magnetic ordering. Recently, the domain evolution across the paramagnetic insulator to paramagnetic metal phase transition on chromium doped V 2 O 3 ((V 1−x Cr x ) 2 O 3 , x = 0.011) was studied using PEEM. 60 Here we use micrometer sized V 2 O 3 single crystals to demonstrate the s-SNOM system performance at low temperature. The sample has been pre-characterized by cryogenic Raman measurement, and the phase transition manifests itself in phonon Raman response acquired ex situ at different temperatures as shown in Fig. 4(a) . A corresponding s-SNOM image is shown in Fig. 4(c) . Upon cooling, at temperatures ∼200 K, the emergence of insulating domains is observed. They appear to nucleate around topographic defects, with domain topology similar to what has been observed before. 
IV. CONCLUSION/OUTLOOK
In conclusion, we have developed a versatile cryogenic s-SNOM system compatible with strong magnetic fields for multimodal and multispectral imaging. This system, in combination with linear, nonlinear, and ultrafast spectroscopy, could provide spectroscopic access to electronic and vibrational resonances, structural symmetry, and femtosecond dynamics with few-nanometer spatial resolution. 61 The sensitivity, specificity, and selectivity of the optical interaction allows for the systematic real space probing of multiple order parameters and phases of complex materials simultaneously. The tool is applicable to a wide range of materials with related physical phenomena, including organic conductors and semiconductors which also exhibit electron correlation, charge order, and superconducting gaps.
